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HIGHLIGHTS 


►  Synthesis  of  Ru  doped  lithium  titanate  by  a  reverse  microemulsion  method. 

►  Ru  doped  lithium  titanates  had  an  excellent  electrochemical  performance. 

►  Ru  doped  lithium  titanates  remained  high  capacity  under  a  large  cycled  rate. 
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Ruthenium  doped  nanostructured  lithium  titanates  have  been  synthesized  through  a  reverse  micro¬ 
emulsion  method  with  a  subsequent  sintering  process.  The  as-prepared  powders  are  characterized  by 
the  X-ray  diffraction  and  transmission  electron  microscope  techniques.  The  results  indicate  that  a  solid 
solution  of  LUTis  _  xRuxOi2  is  formed  when  x  was  less  than  0.1.  The  electrochemical  performances  of  the 
as-prepared  materials  are  investigated  in  a  potential  range  from  0.01  to  2.5  V  by  charge  and  discharge 
characterizations.  In  that,  the  as-prepared  Li4Ti4.95Ru0.05O1 2  exhibits  an  excellent  electrochemical 
performance.  The  specific  discharge  capacity  remains  as  131  mAh  g-1  over  100  cycles  even  cycled  at 
a  large  density  of  17,500  mA  g-1  (60  C-rate).  While  the  current  density  decreases  to  be  875  mA  g_1(3  C- 
rate),  the  corresponding  specific  discharge  capacity  is  kept  as  high  as  259  mAh  g-1  after  100  cycles. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  are  currently  used  as  power  sources  for 
many  portable  electronic  devices,  power  tools  and  electrical  vehi¬ 
cles,  such  as  mobile  phones,  notebook  computers  and  hybrid 
electric  vehicles  due  to  their  high  energy  density  and  long  cycle  life 
[1-3].  Spinel  LLfTisO^  is  a  promising  material  for  lithium  ion 
batteries  [4-7].  Compared  to  the  currently  used  graphite,  this 
material  exhibits  characteristic  properties  [8],  such  as  very  flat 
voltage  plateau  at  around  1.55  V  vs.  Li/Li+  and  very  small  structural 
change  during  charge  and  discharge  processes,  so  it  is  also  called 
zero-strain  insertion  material  [9-11  ]. 

However,  LUTisO^  suffers  from  a  problem  of  poor  rate  capa¬ 
bility  mainly  due  to  its  low  electric  conductivity  (10-9  S  cm-1)  [12]. 
Substituting  Li  or  Ti  by  other  metals  is  the  main  method  to  modify 
Li4Ti50i2  in  order  to  improve  electric  conductivity.  So  far,  some  of 
metallic  elements  such  as  Mg,  V,  Mn,  Fe,  Cr,  Ta,  Ni,  Al,  Sn  and  so  on 
are  investigated  to  modify  Li4Ti50i2  [13-19]. 
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Charge  and  discharge  measurements  of  Li4TisOi2  were  usually 
performed  in  a  potential  range  of  0.5-2.5  V  vs.  Li.  Recently,  the 
potential  range  of  0-2.5  V  have  been  reported  to  enhance  the  total 
specific  capacity  of  Li4Ti50i2  [14,15,20-22]. 

In  this  work,  nano-sized  spinel  Li4TisOi2  doped  by  Ru  was 
synthesized  in  a  reverse  microemulsion  through  sintering  the 
precursor  to  form  a  solid  solution.  As  the  content  of  Ru-doping  was 
optimized,  the  product  showed  excellent  electrochemical  proper¬ 
ties  for  energy  storage  in  the  charge-discharge  range  of  0-2.5  V. 

2.  Experimental  methods 

All  materials  and  chemicals  were  purchased  commercially  and 
used  as  received.  The  Li— Ti— Ru-0  precursors  were  synthesized  by 
a  reverse  microemulsion  method.  The  reverse  microemulsion  was 
prepared  as  follows:  60  mL  n-hexane,  60  mL  n-hexanol  and  30  mL 
TritonX-100  were  mixed  together  as  the  oil  phase  in  a  conical  flask, 
followed  by  the  addition  of  8  mL  of  1  mol  L-1  Li0HH20  and  8  mL 
water  solution  of  RuC13  as  the  water  phase,  and  the  mole  ratio  of 
Li:Ru  is  4:x  (x  =  0,  0.05,  0.10,  0.15). 

After  stirred  for  1  h,  tetrabutyl  titanate  [Ti(OC4Hg)4]  was  gradu¬ 
ally  dropped  into  the  solution  under  stirring.  The  starting  materials, 
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Fig.  1.  XRD  patterns  of  the  four  samples  calcined  at  850  °C  (a)  Li4Ti5Oi2  (b) 
Li:Ru  =  4:0.05  (c)  Li:Ru  =  4:0.10  (d)  Li:Ru  =  4:0.15. 


LiOH  and  tetrabutyl  titanate,  were  mixed  in  a  Li:Ti  molar  ratio  of 
4:5  -  x.  After  stirred  for  5  h,  the  organic  matter  was  removed  with 
alcohol  by  a  centrifuge.  The  above  mixture  was  dried  in  an  oven  at 
60  °C  for  12  h  and  then  heated  in  a  muffle  furnace  for  4  h  at  850  °C. 
The  four  samples  were  labeled  as  sample  1  to  sample  4,  corre¬ 
spondingly  the  mole  ratio  of  Li:Ru  was  4:x  (x  =  0,  0.05,  0.10,  0.15). 

The  structure  and  morphology  of  the  as-prepared  materials 
were  characterized  by  X-ray  diffraction  measurement  (XRD, 
Rigaku,  D/max-RB)  and  transmission  electron  microscopy  (TEM, 
JEOL,  JEM-2010). 

The  working  electrode  was  fabricated  by  mixing  the  active 
material  LUTisO^  doped  by  Ru,  MWCNTs  (multiwalled  carbon 
nanotubes)  and  teflon  (poly(tetrafluoroethylene),  PTFE)  binder  in 
a  weight  ratio  of  75:15:10.  The  compounds  above  were  put  into  an 
ultrasonic  vibration  generator  to  mix  uniformly.  The  mixtures  were 
dried  at  60  °C  in  an  oven  until  they  became  slurries  and  then  pasted 
uniformly  onto  a  copper  foil  and  dried  at  120  °C  for  above  12  h. 
Tablet  machine  was  used  to  make  the  electrode  smooth  and  thin 
and  after  that,  the  electrode  was  cut  into  rounded  pieces  with 
a  diameter  of  about  8  mm.  The  electrochemical  characterizations 
were  measured  by  means  of  the  coin-type  cell  CR2032.  The  active 
material  electrode  was  used  as  the  working  electrode,  and  Li  foil 
was  used  for  both  counter  and  reference  electrodes  with  1.0  m  LiPFg 
in  an  electrolyte  solution  (EC/DMC/EMC  =  1/1/1,  V/V/V);  the  cell 
was  then  assembled  as  a  coin  cell.  The  cell  assembly  was  carried  out 
in  a  glove  box  filled  with  high-purity  argon  gas.  Charge  and 


Fig.  2.  TEM  images  and  corresponding  SEAD  patterns  (insets)  of  the  four  samples  calcined  at  850  °C:  (a)  Li4Ti5Oi2  (b)  Li:Ru  =  4:0.05  (c)  Li:Ru  =  4:0.10  (d)  Li:Ru  =  4:0.15. 
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discharge  measurements  were  performed  in  a  potential  range  of 
0.01—2.5  V  vs.  Li  under  different  current  densities. 

3.  Results  and  discussion 

The  precursors  of  with  difference  Ru  contents  were  calcined  at 
850  °C.  Fig.  1  shows  the  XRD  patterns  of  those  sintered  powders.  As 
reference,  the  standard  diffraction  peaks  of  Li4TisOi2  with  JCPDS  file 
number  49-0207  and  Ru02  with  number  65-2824  are  presented. 
The  main  diffraction  peaks  of  all  investigated  samples  can  be 
indexed  as  cubic  spinel  Li4Ti50i2.  When  x  is  less  than  0.05,  no 
obvious  impurity  peaks  can  be  found.  This  suggests  that  only  one 
phase  with  a  structure  of  Li4TisOi2  exists.  This  implies  that  the 
precursor  of  Li— Ti— Ru-0  could  form  the  solid  solution  in  the  sin¬ 
tering  process,  producing  a  new  phase  of  Li4Ti5S  _  xRuxOi2- 
However,  some  of  Ru02  was  found  when  the  x  exceeds  0.15.  This 
indicates  that  the  doping  content  of  Ru  has  exceeded  the  solid 
solubility  of  Ru  in  Li4Ti50i2.  The  element  compositions  of  the  as- 
prepared  materials  have  been  shown  in  the  Supplementary 
materials  through  the  EDS  analysis.  It  should  be  noted  that,  in  the 
reverse  microemulsion,  some  of  additional  tetrabutyl  titanate  was 
rapidly  hydrolyzed  to  Ti(OH)4  and  formed  titanium  oxides  during 
the  subsequent  sintering  process,  which  has  been  detected  and 
shown  as  those  negligible  peaks  in  XRD  pattern. 

Fig.  2  shows  the  TEM  images  of  the  sintered  materials.  The 
particle  size  grows  after  calcining  in  the  range  of  100—200  nm.  At 


this  nanoscale,  the  material  can  exhibit  batter  performance  at  large 
current  densities  [23].  However,  in  the  as-prepared  powder  with 
a  Ru  doping  content  of  x  =  0.15,  it  is  clearly  noticed  that  some  small 
particles  are  left.  The  interplanar  spacing  shown  in  Fig.  2(d)  is  about 
0.32  nm  corresponding  to  (110)  lattice  plane  of  Ru02,  which  is  in 
agreement  with  XRD  results. 

Fig.  3(a)  shows  the  initial  charge  and  discharge  curves  of  the  Ru- 
doped  Li4Ti50i2  electrodes  at  the  current  density  of  875  mA  g-1. 
The  cut-off  voltage  is  set  between  0.01  V  and  2.5  V.  Almost  all  the 
papers  on  Li4TisOi2  are  in  the  voltage  range  of  2.5  to  1.0  V,  so  the 
theoretical  capacity  of  Li4Ti50i2  was  considered  as  175  mAh  g  1  (3 
lithium  ions  are  inserted  into  Li4Ti50i2).  However,  some  reports 
have  shown  that  the  reversible  capacity  of  Li4TisOi2  is  higher  than 
175  mAh  gx  between  2.5  and  0.01  V,  reaching  as  high  as 
293  mAh  g_1(5  lithium  ions  are  inserted  into  Li4Ti50i2)  [24,25].  It 
can  be  found  that  the  L4T4.95RU0.05O12  solid  solution  shows  the 
highest  specific  capacity.  It  should  be  mentioned  that,  due  to  the 
addition  of  MWCNTs  (which  has  a  specific  capacity  of  about 
400  mAh  g_1)  [26,27]  and  the  formation  of  solid  electrolyte  inter¬ 
phase  (SEI)  film  [28],  the  specific  capacities  of  all  investigated 
samples  are  higher  than  the  theoretical  specific  capacity 
(293  mAh  g_1),  especially  in  the  initial  cycle. 

Fig.  3(b)  illustrates  the  cycle  performance  at  the  current  density 
of  5250  mA  gA  in  the  first  100  cycles.  Once  again,  the 
Li4Ti4.95Ruo.o50i2  solid  solution  shows  higher  capacities  and  the 
best  electrochemical  performance.  However,  with  increasing  the 


100 


200  300  400 

Capacity  /  mAh  q'1 


500 


600 


875mAg^ 
1750mAg^ 
5250 mAg 1 
8750mAg 1 
1 7500m  Ag* 


100 


200  300  400 

Capacity  /  mAh  g'1 


500 


600 


Fig.  3.  Initial  charge  and  discharge  curves  at  875  mA  g  1  (a)  and  specific  discharge  capacities  at  5250  mA  g  1  (b)  of  different  doping  contents  between  0.01  and  2.5  V  (vs.  Li/Li+).  (c) 
Initial  charge  and  discharge  curves  of  Li4Ti4.95Ruo.o50i2  at  different  current  densities,  (d)  The  1st,  2nd,  3rd,  4th,  5th,  10th,  50th  and  100th  charge-discharge  curves  of 
Li4Ti4.g5Ruo.o50i2  at  5250  mA  g  \ 
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Fig.  4.  HRTEM  images  of  (a)  Li4Ti50i2,  (b)  Li4Ti4.95Ruo.o50i2. 


content  of  Ru,  the  specific  capacity  is  lowering.  This  might  be  that 
when  the  doping  ratio  was  small,  U4T15  _  xRuxOi2  solid  solution  was 
formed  in  the  sintering  process.  With  the  increasing  of  doping 
amount,  more  RUO2  particles  attach  to  the  surface  of  LUTisO^ 
particles  and  thereby  reduce  the  contact  area  of  lithium  ion  with 
LUTisO^  and  hinder  the  insertion  and  extraction  of  lithium  ion. 

The  initial  charge  and  discharge  curves  of  the  Li4Ti4.95Ru0.050 12 
at  different  current  densities  from  875  mA  g  1  to  17500  mA  g-1  are 
shown  in  Fig.  3(c).  At  the  current  density  of  875  mA  g-1,  the  initial 
charge  and  discharge  specific  capacities  are  274  mAh  g-1  and 


567  mAh  g  \  and  obvious  charge-discharge  plateaus  can  be  seen. 
Even  the  charge  and  discharge  current  density  increases  to 
17500  mA  g-1,  the  corresponding  capacities  still  remain  high  level, 
that  is  209  mAh  g_1  and  243  mAh  g-1.  With  the  increase  of  current 
density  the  charge  potential  plateaus  become  higher  while  the 
discharge  plateaus  become  lower  and  inconspicuous.  This  could  be 
explained  that  in  the  charge  process,  the  transformation  is  from 
LigTLj  95RU0.05O12  to  LLfTLi  95RU0.05O12,  while  in  the  discharge 
process,  Li4Ti4.95Ruo.o50i2  is  transformed  to  Li9Ti4.95Ruo.050 12,  and 
due  to  the  repulsive  interactions  between  neighboring  lithium  ions, 


Fig.  5.  Specific  discharge  capacity  tested  at  different  current  densities  over  100  cycles:  (a)  Li4Ti5Oi2  (b)  Li:Ru  =  4:0.05  (c)  Li:Ru  =  4:0.10  (d)  Li:Ru  =  4:0.15. 
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the  insertion  of  lithium  is  more  difficult  than  the  extraction  of  it 
[29].  As  the  current  densities  increase,  the  charge  process  can  be 
carried  out  completely  while  the  discharge  process  could  not  be 
carried  out  thoroughly  and  a  new  phase  LixTi4.95Ruo.o50i2 
(4  <  x  <  9)  is  formed.  In  that  case,  no  obvious  plateau  of  discharge 
curves  can  be  found,  especially  at  high  current  densities. 

Fig.  3(d)  shows  the  charge  and  discharge  curves  of 
Li4Ti4.95Ru0.05Oi2  at  5250  mA  g-1  in  the  first  100  cycles.  The  initial 
specific  charge  and  discharge  capacities  are  464  mAh  g~l  and 
257  mAh  g-1,  respectively,  which  shows  high  specific  capacity. 
However,  the  second  discharge  capacity  declines  to  305  mAh  g^1. 
The  capacity  loss  of  the  following  cycles  is  much  less  than  that  of 
the  first  two  cycles,  especially  in  the  low  potential.  This  indicates 
that  solid  electrolyte  interphase  (SEI)  film  is  formed  at  a  low 
potential  as  the  reduction  of  electrolyte.  This  also  can  be  attributed 
to  MWCNTs  (which  accounts  for  about  60  mAh  g^1)  where  the 
irreversible  insertion  of  lithium  ions  happens. 

HRTEM  images  of  the  undoped  and  doped  materials  are  shown 
in  Fig.  4.  As  is  shown  in  Fig.  4(a),  the  interplanar  spacing  is  about 
0.48  nm,  which  is  corresponding  to  (111)  lattice  plane  of  LLfTisO^. 
However,  the  interplanar  spacing  in  Fig.  4(b)  is  about  0.50  nm 
corresponding  to  (111)  lattice  plane,  a  bit  bigger  than  the  undoped 
Li4Ti50i2.  The  ionic  radius  of  Ru4+  is  a  slight  bigger  than  Ti4+,  so  the 
doped  material  has  a  lattice  expansion,  which  is  beneficial  to  the 
insertion  and  extraction  of  lithium  ions  and  then  improves  the 
electrochemical  performance. 

Fig.  5  shows  the  cycle  performances  of  the  four  samples  at 
different  current  densities.  As  the  current  density  increases,  the 
specific  discharge  capacity  gradually  decreases.  As  shown  in 
Fig.  5(a),  at  the  current  density  of  1750  mA  g_1  the  specific 
discharge  capacity  of  Li4Ti5C)i2  is  202  mAh  g1  after  100  cycles. 
However,  when  it  increases  to  17500  mA  g-1,  the  specific  discharge 
capacity  remains  only  49  mAh  g-1.  Fig.  5(b)  shows  that  the  specific 
capacity  of  Li4Ti4.95Ru0.050 12  is  242  mAh  g-1  at  1750  mA  g-1  over 
100  cycles,  even  at  17500  mA  g~\  the  corresponding  value  is 
131  mAh  g-1,  which  still  shows  excellent  performance  as  a  battery. 
As  the  content  of  Ru-doping  increases,  the  cycle  performances 
become  worse. 

Fig.  6  shows  the  cycle  performances  of  Li4Ti4.95Ruo.o50i2  at 
different  current  densities  over  500  cycles.  At  the  current  density  of 
1750  mA  g-1,  the  specific  capacity  remains  185  mAh  g_1.  However, 
at  a  large  current  density  of  17500  mA  g_1,  the  specific  capacity  still 


Fig.  6.  Specific  discharge  capacity  of  Li4Ti4.g5Ruo.o50i2  tested  at  different  current 
densities  over  500  cycles. 


remains  73  mAh  g-1.  The  excellent  performance  are  mainly 
attributed  to  the  formation  of  the  solid  solution  of 
Li4Ti4.95Ruo.o50i2,  as  well  as  the  nano-sized  morphology,  which  can 
improve  the  conductivity,  reduce  ionic  and  electronic  diffusion 
distance  and  provide  a  thermodynamically  stable  system.  Most 
surfaces  of  the  U4Ti4.95Ruo.o50i2  particles  are  wrapped  with  MWNT 
networks  [30].  Because  of  the  large  aspect  ratio  and  high  electric 
conductivity  of  MWNTs,  the  addition  of  MWNTs  could  enhance  the 
electrical  contact  among  the  Li4Ti4.95Ruo.05O1 2  particles  and  effec¬ 
tively  improve  the  electronic  conductivity  and  then  the  rate  capa¬ 
bility  and  cycling  stability  [31  ]. 

4.  Conclusions 

In  this  paper,  Li4TisOi2  doped  with  Ru  was  successfully 
synthesized  in  a  reverse  microemulsion  to  form  a  solid  solution 
Li4Ti5  _  xRu*Oi2,  which  shows  high  rate  charge  and  discharge 
property.  When  discharged  to  0.01  V,  Li4Ti4.95Ru0.05O1 2  shows  the 
best  specific  capacity  and  cycling  stability,  especially  at  high  current 
densities,  and  this  is  mainly  due  to  the  formation  of  solid  solution. 
Owing  to  the  bigger  ionic  radius  of  Ru4+  than  Ti4+,  the  lattice 
constant  of  the  doped  materials  is  enlarged,  which  is  in  favor  of  the 
insertion  and  extraction  of  lithium  ions.  Even  at  a  large  current 
density  of  17500  mA  g-1(about  59.7  C-rate  according  to  the  theo¬ 
retic  capacity  of  294  mA  g-1),  the  specific  discharge  capacity  is  still 
131  mAh  g-1  over  100  cycles.  All  the  results  suggest  that 
Li4Ti4.95Ru0.050 12  is  a  promising  anode  material  for  the  high  rate 
lithium  ion  batteries. 
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